Low density microspheres were used to float flocs formed from the coagulation of natural 19 organic matter (NOM) using ferric sulphate coagulant. Microspheres were visually 20 observed to be incorporated into the floc structure during the coagulation phase. In 21 comparison with conventional flotation with air bubbles, the residual turbidity after 22 flotation using the microspheres was very favourable and did not impact on overall NOM 23 removal. Spheres of the lowest density and largest particle size gave the most rapid floc 24
Introduction 33
Enhanced clarification through the use of ballasting agents is common place in the 34 water industry. In recent times the embodiment of this concept has focussed on 35 enhancing sedimentation through incorporation of sand [1] , sludge [2] or magnetic 36 particles [3] resulting in hydraulic loading rates (surface overflow rate -SOR) up to 37 40-60 times higher than traditionally experienced with sedimentation (1-2 m 3 m -2 h -1 ). 38
However, the earliest ballasting agent to be routinely used was air bubbles in the 39 dissolved air flotation (DAF) process [4] . The process operates by forming micro 40 bubbles of air in the size range 40-100 m [5] through depressurisation of air 41 saturated water passing through a nozzle. The generated bubble cloud then combines 42 with the pre formed flocs, reducing their effective density causing the combined floc-43 bubble aggregate to rise to the surface. The requirement to lower the density of the 44 floc to below that of water means that the process is primarily utilised for removal of 45 naturally low density pollutants such as algae and natural organic matter (NOM). 46
A major advantage of all ballasting systems is their inherent flexibility as the 47 clarification rate is linked to the dose of ballasting agent applied. In the case of the 48 DAF process the number of bubbles released is controlled by the combination of the 49 super saturation pressure and the flow rate through the saturation tank. The latter is 50 more commonly used to control the process and is known as the recycle ratio as it 51 uses post clarified water which is then returned to the DAF process. Corresponding 52 surface overflow rates range between 5-40 m 3 m -2 h -1 [5, 6] although operational 53 practice with natural organic matter is normally closer to 4-8 m 3 m -2 h -1 due to 54 concerns over floc breakage [7] . As with all ballasting systems, the improved 55 performance and flexibility is balanced against a need for additional infrastructure and 56 increased operating costs associated with managing the ballasting agent. In the case of 57 4 DAF, the key issue is related to the generation of the micro bubbles which requires 58 pumping recycle flow under pressures of between 4-6 bar. Associated energy 59 estimates range between 0.01-0.03 kWh m -3 [8] which accounts for between 50-90% 60 of the total energy demand associated with the process [9, 10] . 61
Conceptually, the same benefits can be realised using low density microspheres 62 instead of air bubbles in a technology more akin to the use of sand in ballasted 63 sedimentation [1] . In such cases the microspheres can be used to further enhance the 64 clarification rates when used in combination with air bubbles or reduce the energy of 65 operation when used as the sole ballasting agent. The latter idea has been detailed in 66 The current paper investigates this idea by assessing the potential to use low density 69 glass microspheres as a flotation ballasting agent for the clarification of NOM flocs. A 70 previous study has demonstrated the potential of the idea for algae flocs where 71 removal efficiencies of between 63-97% were observed when using 100 m glass 72 microspheres with no additional air [13] . The highest removal was seen for 73
Microcystis and the lowest for Chlorella indicating that organic matter components 74 were likely to be important as the algae are fairly similar in size. As NOM exists 75 predominantly in dissolved or colloidal states, organic matter interactions are 76 expected to be even more important. Consequently, the paper addresses the current 77 knowledge gap by assessing the potential for use of microspheres in the treatment of a 78 NOM-laden water, a water that is typically treated using DAF technology. In addition 79 to assessing the overall potential of using the micropsheres for NOM removal, the 80 investigation considers the impact of dosing regime and microsphere incorporation 81 into the floc to resolve practical issues associated with developing the technology. 82 For systems where microspheres were used, no air was added. Tests were also carried 103 out on the jar tester without the addition of microspheres and air for a traditional 104 sedimentation test, as the flocs formed were more dense than water. 105
Water source 106
The water tested on was sampled from a water treatment works (WTWs) in the north 107 of the UK that was considered to be characteristic of a NOM-laden water being of a 108 brown colour, as a result of the high humic content of the water, and low turbidity. 109
The water correspondingly had a dissolved organic carbon (DOC) content of 10.6 mg 110 in each floc aggregate to achieve the same rise velocity. This explains why the 298 increased turbidity was much greater after 1 and 5 minutes for the smaller, higher 299 14 density spheres: not enough microspheres were incorporated into the floc to give 300 comparable rise velocities as for the large, low density spheres. After 10 minutes, the 301 floc-microsphere aggregates, and any residual microspheres, had had enough time to 302 clear from the water. 303
The other major observation concerning application of microspheres is related to 304 dosing sequence where optimum performance was observed when the microspheres 305 were incorporated during the initial floc growth stages. This is in contrast to 306 traditional DAF where the air bubbles combine with the pre formed floc [21] or sand 307 which is combined with partially formed flocs and bound with additional chemicals 308 [1] . In the current case, post floc incorporation is limited as the microspheres have 309 insufficient mass to penetrate the formed flocs due to their momentum [15] . The 310 consequence of which is that dosing arrangements require careful management when 311 using microspheres. The ideal arrangement would be injection of microspheres into 312 the incoming feed line to ensure effective mixing with the water prior to the initiation 313 of flocculation [13] . 314 315
Conclusions 316
The overall conclusion from the work is that the application of glass microspheres as 317
